Background: Abnormal cerebrospinal fluid (CSF) biomarker levels predict development of Alzheimer disease with good accuracy and are thought to precede cognitive deterioration.
A LZHEIMER DISEASE (AD) IS A neurodegenerative disorder with a disease onset that is believed to occur several decades before cognitive symptoms can be detected. 1 A long preclinical phase exists before cognitive functions begin to decline, leading to mild cognitive impairment (MCI) 2 and subsequently to clinical dementia. 3, 4 Cognitive functions first affected in AD are thought to be episodic memory, perceptual speed, and executive function, 5 and this decline has been detectable up to 9 years before fulfillment of AD criteria. 6, 7 Several diagnostic biologic markers, including cerebrospinal fluid (CSF) biomarkers, have effectively predicted conversion from MCI to AD dementia. 8, 9 Hence, in the new revised research criteria for AD (National Institute of Neurological and Communicative Disorders and StrokeAlzheimer's Disease and Related Disorders Association), CSF biomarker levels are considered supportive features. 4 The predictive power of these diagnostic markers in a pre-MCI stage, before any measurable cognitive impairment, has not yet been fully investigated. Nevertheless, a few studies [10] [11] [12] [13] [14] have identified such markers in these early stages of cognitive decline.
The morphologic changes most commonly associated with AD are extracellu-lar senile plaques composed of ␤-amyloid protein (A␤42) and intracellular neurofibrillary tangles composed of hyperphosphorylated tau protein 181 (P-tau 181). 3, 15, 16 Furthermore, levels of the CSF biomarkers total tau protein (T-tau), P-tau 181, and A␤42 demonstrate the best ability so far to distinguish and predict AD, especially when they are used in combination. 8, 15, 16 The longitudinal stability of these CSF biomarker levels in individuals with AD or MCI seems, in part, to be dependent on the length of time between the CSF collections. In the short term, all 3 biomarkers tend to remain stable, 17, 18 which also seems to be the case for CSF tau protein levels in the long term according to most published studies, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] with some exceptions. 26, 29 In contrast, CSF A␤42 levels predominantly remained stable in short-term studies 17, 18, 24, 27, 28 (duration Ͻ3 years) but decreased in longterm studies 21, 22 (duration Ն3 years), except for one reported increase. 29 In addition, performance on cognitive tests has not been correlated with CSF biomarker levels in studies 20, 22, 23 investigating CSF biomarker stability. Most studies in which high biomarker stability was reported were performed among individuals with AD dementia or MCI, which would suggest that the actual transition of CSF biomarkers to pathologic levels in the development of AD occurs in preclinical stages. However, the pattern of changes in CSF biomarker levels over time in preclinical stages of AD is unknown. Similarly, studies investigating preclinical longitudinal changes in CSF biomarker levels in relation to cognitive functions are sparse. Therefore, we investigated whether changes occur in CSF biomarker levels over time in cognitively healthy older volunteers and whether a tendency to change is associated with cognitive functions. The study was approved by the regional ethics committee at Lund University, Lund, Sweden. The individuals gave their written consent to participate at each assessment occasion.
METHODS

SUBJECTS
The study subjects were cognitively healthy older adults recruited by the memory clinic at Malmö University Hospital, Malmö, Sweden, to constitute a healthy control group in dementia studies. Recruitment occurred in 2002 through advertisements, and the individuals underwent a thorough examination at baseline (medical history, cognitive testing, and somatic and psychiatric examination [including computed tomography]). Inclusion criteria at baseline were intact activities of daily living functions, no memory complaints, and cognitive test results within the expected normal range. Exclusion criteria were active physical or mental disease that could affect the cognitive status, including advanced pathologic findings on computed tomography, fulfillment of criteria for AD 30 or other dementia types, and fulfillment of criteria for MCI.
2 Within 6 months from baseline, the included individuals underwent CSF collection and apolipoprotein E (APOE) genotyping. Two follow-up cognitive assessments were then performed after 3 and 4 1 ⁄2 years, with the latter including a second CSF collection. The same basic cognitive test battery was used at the time points for CSF collection, including the Mini-Mental State Examination (MMSE) 31 and the Alzheimer Disease Assessment Scale-cognitive subscale (ADAS-cog), 32 with the addition of A Quick Test of Cognitive Speed (AQT) 33 and clock drawing at the time point for the second CSF collection. Cognitive test results or fulfillment of criteria for dementia disorder or MCI at follow-up did not affect participation in this study. However, individuals were excluded at follow-up if they failed to complete any of the CSF collections or an entire cognitive test battery. The remaining individuals at follow-up were included in this longitudinal study and were available for statistical analyses.
COGNITIVE TESTS
The test battery consisted of the MMSE and the ADAS-cog, with the addition of AQT and clock drawing at follow-up. At the study clinic, these were the initial screening tests used for referrals at that time. Of the tests, the MMSE is known to be insensitive in early development of AD. 34 In comparison, the ADAS-cog is more sensitive, especially if delayed word recall is included. 32 Therefore, the 85-point version (ADAS-cog85) was used in this study. In AQT, 33 participants are asked to name 40 figures in 3 subsets according to their color, form, and color-form, respectively, while the time is monitored. It originates from the 1935 Stroop color-word test, and slower speed has been associated with AD. 33 The 10-Point Clock Test 35 was used for assessment of clock drawing. The total test scores and their individual task scores, representing cognitive functions changed in early AD, are used for calculations.
CSF COLLECTION AND ASSAYS
The same procedures were performed in the first and second CSF collections and analyses. Lumbar puncture was performed in a sitting position. The CSF samples were obtained in the L3/L4 or L4/L5 interspaces. After disposal of the first 1 mL of CSF, consecutive 10-mL samples were collected in plastic (polypropylene) tubes to avoid absorbance of A␤42 by the tube wall. All CSF samples were mixed gently to avoid possible gradient effects. No CSF sample contained more than 500 erythrocytes/µL. The CSF samples were centrifuged at 2000g and 4°C for 10 minutes to eliminate cells and other insoluble material and were then immediately frozen and stored at −80°C pending biochemical analyses without being thawed or refrozen. At the same time, serum samples were collected. The CSF samples were analyzed for A␤42, T-tau, and P-tau 181 levels using xMAP technology (INNOBIA AlzBio3 kit; Innogenetics, Ghent, Belgium) and the same batch of reagents. 36 The results are given in nanograms per liter. A random sample of stored baseline CSF was analyzed together with the follow-up CSF to secure concordant assay values between the 2 analysis occasions.
LONGITUDINAL CSF ANALYSES
For longitudinal CSF analyses, the individual change in each CSF biomarker level from baseline to follow-up was calculated. However, these data could be subject to methodological problems, especially in individuals with stable CSF values around 0. Therefore, we aimed to identify those individuals with substantial changes in CSF biomarker levels at follow-up compared with baseline that were leading to CSF levels in a more pathologic direction. The decision about what constitutes a pathologic direction was determined by the changes in CSF biomarker levels seen in AD compared with controls (ie, increasing T-tau and P-tau 181 levels and decreasing A␤42 level).
off levels at 10% change, 15% change, or 20% change in a pathologic direction. Dichotomization according to the same inverted percentage change for each CSF biomarker (ie, in the nonpathologic direction) was also performed to control for the fact that the correlations are not a result of measuring outliers in general.
STATISTICAL ANALYSIS
Statistical analysis was performed using commercially available software (SPSS, version 15.0.1 for Windows; SPSS Inc, Chicago, Illinois). Nonparametric tests were used when the variables were not normally distributed. Spearman rank correlation coefficient was used to test the degree of correlation between CSF biomarker levels and cognitive test results, as well as the influence of age. Wilcoxon signed rank test was used to test longitudinal changes within the same variable (CSF biomarker levels, MMSE score, and ADAS-cog85 score). MannWhitney test was used when one of the variables was dichotomized (longitudinal CSF biomarker data, dropout, and sex). Kruskal-Wallis test was used to test the influence of the presence of the APOE-ε4 allele on quantitative measures. The level of significance was set at PϽ.05.
RESULTS
DEMOGRAPHICS, COGNITIVE TEST, AND CSF RESULTS
Thirty-seven of 54 individuals who had undergone successive CSF collections and cognitive assessments at baseline were included in the study. The demographics of the study population at baseline and at follow-up are given with the cognitive test results on a group level in Table 1 .
The mean CSF biomarker levels at baseline and at follow-up are given in Table 2 . Dropout analysis shows that reasons for not participating in the follow-up were somatic disease (6 individuals), death (4 individuals), and other (3 individuals), whereas 4 individuals participated in the follow-up but failed to complete the second CSF collection. The mean baseline ADAS-cog85 delayed word recall score of 13 dropouts was 1.4 points higher than that of 41 participants (z = −2.34, PϽ .05). No difference was seen for age, sex, APOE genotype, or CSF biomarker levels. There was no difference in cognition at follow-up between the groups who completed or did not complete the second CSF collection (PϾ.05). At follow-up, none of the participants fulfilled criteria for MCI or dementia.
CROSS-SECTIONAL CORRELATIONS OF CSF BIOMARKER LEVELS AND COGNITION
At baseline, no correlations between CSF biomarker levels and any of the 7 cognitive test results were seen ( Table 3) . At follow-up, lower CSF A␤42 levels significantly correlated with higher ADAS-cog85 delayed word recall scores (r s =−0.437, PϽ.01) (Figure 1 ) and ADAScog85 total score (r s = −0.330, P Ͻ.05) and with slower results on AQT subset color (r s = −0.385, P Ͻ.05), AQT subset form (r s =−0.540, PϽ.001) (Figure 2) , and AQT subset color-form (r s =−0.422, PϽ.01). If the delayed word recall score was excluded from the ADAS-cog85 total score, the correlation with CSF A␤42 level no longer existed (PϾ.05). Neither CSF T-tau level nor P-tau 181 level correlated with any of the cognitive test results at followup. No additional effect was seen if the ratio of A␤42 level to P-tau 181 level or the ratio of A␤42 level to T-tau level was used. Older age correlated with worse results on the MMSE (r s = −0.388, P Ͻ .05), ADAS-cog85 (r s = 0.435, P Ͻ .01), and AQT (r s = 0.480, P Ͻ .01) at follow-up, whereas no age correlation was observed with CSF biomarker levels. Neither the MMSE nor clock drawing correlated with CSF biomarker levels. The individuals who were APOE-ε4 allele carriers had significantly higher Ttau levels at follow-up compared with noncarriers ( 2 = 8.83, P Ͻ .05). No other correlations were seen at baseline or at follow-up between the presence of the APOE-ε4 allele and CSF biomarker levels or cognitive test results. Sex did not correlate with CSF biomarkers levels or with cognitive test results.
LONGITUDINAL CORRELATIONS OF CSF BIOMARKER LEVELS AND COGNITION
No significant longitudinal changes in CSF biomarker levels or ADAS-cog85 delayed word recall scores were observed (P Ͼ.05). However, MMSE scores were a mean of 1 point lower (z=−2.8, PϽ.01) and ADAS-cog85 total scores a mean of 1 point higher (z=−2.18, PϽ.05) at follow-up. Baseline CSF biomarker levels and longitudinal changes in CSF biomarker levels were not associated with cognitive test results at follow-up (PϾ.05). However, sig- nificant correlations emerged when groups were dichotomized according to the occurrence of a substantial change in a pathologic direction among CSF biomarker levels. At follow-up, 11 individuals with a decrease of 15% or more in CSF A␤42 level performed significantly worse on the ADAS-cog85 delayed word recall (z = −2.18, PϽ.05) ( Figure 3A) compared with the others. Seven individuals had decreases as high as 20% or more in CSF A␤42 level, but these individuals were significantly slower on AQT subset color-form (z=−2.35, PϽ.05) ( Figure 3B ). Six individuals with an increase of 20% or more in CSF P-tau 181 level were significantly slower on AQT subset color (z=−2.13, PϽ.05) ( Figure 3C ). The individuals with pathologic changes both in CSF A␤42 level and CSF P-tau 181 level (n = 4) did not differ in cognition at follow-up from the others. No significant differences in cognitive performance were observed among individuals with a substantial change in the CSF biomarker levels in a nonpathologic direction compared with the others. Individuals with the APOE-ε4 allele had a greater longitudinal decrease in CSF A␤42 level than those without the allele ( 2 =10.47, PϽ.05).
COMMENT
This longitudinal study of cognitively healthy older adults suggests that low CSF A␤42 levels are associated with worse episodic memory and cognitive speed. The crosssectional associations were not present 4 years earlier, and the CSF A␤42 levels at this time were unassociated with the cognitive outcome at follow-up. Instead, individuals with an extensive pathologic change in A␤42 levels and P-tau 181 levels over the 4 years between CSF collections had worse episodic memory and cognitive speed at follow-up. Hence, in these healthy older adults, CSF biomarker levels and changes over time previously associated with AD seem to correlate with cognitive functions known to decline in early development of AD. 3, 15, 16, 21, 22 The known early affected cognitive functions, episodic memory and cognitive speed, correlate with crosssectional and longitudinal deviance in CSF biomarker levels in this study. [5] [6] [7] In contrast, no correlations between CSF biomarker levels and MMSE scores or its episodic memory task were seen. However, this is not surprising because the MMSE is known to lack sensitivity in early stages of AD 34 and has fewer memory items compared with the ADAS-cog85. In this study, some individuals demonstrated single outlying test results as summarized in Table 1 . However, a thorough investigation of these individuals rejects any fulfillment of criteria for cognitive disorders, and the performance drop occurs in separate and random cognitive tasks only. Furthermore, age did not correlate with CSF biomarker levels at baseline or at follow-up and has not been adjusted for in the study. Inclusion of the worst baseline cognitive status in the dropout group might lead to a type II error; therefore, greater differences would be required in this study to be considered significant.
Of the CSF biomarkers in this study, primarily CSF A␤42 level correlates with cognitive test results. This correlation is supported by previous findings in cognitively healthy older adults in which primarily CSF A␤42 level has been shown to correlate with future cognitive decline and development of dementia. 10, 12, 14 In addition, baseline CSF A␤42 levels in the present study population predicted subjective memory impairment affecting quality of life at the 3-year follow-up. 11 In contrast to the subjective measurement at the 3-year follow-up, CSF A␤42 level correlates with more objective measurements herein at the 4 1 ⁄2-year follow-up. Therefore, it may be that the association of CSF A␤42 level with cognitive functions at this possible pre-MCI stage shifts and moves closer toward possible MCI and AD. The findings in the present study are further in alignment with the decrease in CSF A␤42 level and the increase in CSF T-tau and P-tau 181 levels that have been reported by numerous CSF studies in MCI and patients with very mild AD and dementia. 8, 9, 15, 16, 37 However, in MCI studies, 8, 9, 15, 16 all 3 CSF biomarker levels seem to be affected and associated with the risk and rate of progression to AD dementia. In addition, several previous studies 8, 10, 11, 13, 15 on CSF biomarker levels and cognition in healthy older adults or patients with MCI report improved results when combining CSF A␤42 level and P-tau 181 level or T-tau level in ratios or as cutoff levels, but this was not seen herein when ratios (A␤42/P-tau 181 level and A␤42/T-tau) were used. Instead, CSF A␤42 and CSF tau protein might represent different mechanisms in the course of events in the development of AD; hence, the CSF biomarker levels will have different correlation patterns with other diagnostic markers for AD. For example, follow-up CSF T-tau and P-tau 181 levels in the present study population have been correlated with slowing of electroencephalogram results, whereas CSF A␤42 level was not. 38 Furthermore, pathologic tau and CSF tau levels have been more closely related to cognitive performance in stages of AD dementia and progressive MCI compared with pathologic A␤42 level. 25, 39 Therefore, the present study findings suggest that the CSF A␤42 level more concurrently parallels the cognitive decline in preclinical stages. Longitudinal changes at the group level were only seen in measurements (MMSE and ADAS-cog85 total scores) that did not significantly correlate with any other measurements. Therefore, the cross-sectional correlation at follow-up of the CSF A␤42 level with episodic memory and cognitive speed suggests a concurrent decrease in CSF A␤42 level and impairment in these cognitive functions on an individual basis. The mechanism behind the decrease in CSF A␤42 level is not fully known, but aggregation into plaques, decreased A␤42 production with neuron loss, and increased clearance from the CSF have been proposed. 40 Likewise, the possible underlying biologic mechanism behind the observed relationship between CSF A␤42 level and cognition can only be speculated. However, a connection of this unknown mechanism to neuron loss would be reasonable because most neuropathologic evidence on early stages of AD implicates neuron loss as a major feature correlated with cognitive performance. 41 Longitudinal CSF studies 17, 18, 21, 22, 24, 27, 28 in AD dementia have reported inconclusive results for CSF A␤42 in which stable or decreasing levels are predominant, as already described. Furthermore, the longitudinal stability of CSF biomarker levels within AD samples has not been shown to correlate with the extent of cognitive decline. 20, 22, 23, 42 Therefore, the transition to pathologic CSF biomarker levels seems not to occur in the clinical stages of AD. Instead, the present study findings suggest a preclinical occurrence of the pathologic transition of CSF A␤42 and P-tau 181 levels.
In alignment with this preclinical theory, a decrease in CSF A␤42 levels over time has been correlated with longitudinal loss of hippocampal volume in individuals with MCI 24 and has been shown to moderately predict conversion from MCI to AD dementia. 16 Furthermore, P-tau 231 level has been proposed to increase over time after adjustment for ventricular volume measured using magnetic resonance imaging. 26 For now, it is difficult to draw any specific conclusions from the single correlation between increased P-tau 181 level over time and slower cognitive speed. The correlation between the longitudinal change in CSF A␤42 level and the presence of the APOE-ε4 allele has been reported in other studies 21, [43] [44] [45] among control subjects and among individuals with AD and may further indicate that the longitudinal change in CSF A␤42 levels in this study could be of a pathologic nature. In light of this, the absence of any relationship between the presence of the APOE-ε4 allele and follow-up CSF A␤42 levels is hard to explain. Similarly, it is unknown why CSF T-tau level instead correlates with the presence of the APOE-ε4 allele at follow-up, as studies 19, [43] [44] [45] [46] among individuals with AD have reported inconclusive results for CSF T-tau level and APOE genotype, whereas a correlation with APOE genotype almost always exists for CSF A␤42 level. Any explanations for the observed relationship between the CSF T-tau level and APOE-e4 allele in this study would be speculative and should be addressed by future studies.
In conclusion, CSF biomarker levels associated with the development of AD in several studies 8, 9, 15, 16 correlated with a decline in cognitive functions in this group of cognitively healthy older adults. Furthermore, more extensive CSF biomarker level changes in a pathologic direction over time correlate with a decline in the same cognitive functions. Changes in CSF biomarker levels may identify individuals experiencing pre-MCI and possible early neurodegenerative processes of AD.
